Activin, a member of the TGF-␤ superfamily, regulates the growth and differentiation of a variety of cell types. Based on the expression of activin in pancreatic rudiments of rat embryos and stimulation of insulin secretion from adult rat pancreatic islets by activin, activin is implicated in the development and function of islets. To examine the significance of activin signaling in the fetal and postnatal development of islets, transgenic mice expressing a dominant negative form of activin receptor (dn-ActR) or a constitutively active form of activin receptor (ActR-T206D) in islets were generated together with the transgenic mice expressing intact activin receptor (intact ActR) as a negative control. Transgenic mice with both dn-ActR and ActR-T206D showed lower survival rates, smaller islet area, and lower insulin content in the whole pancreas with impaired glucose tolerance when compared with transgenic mice with intact ActR or littermates, but they showed the same ␣ cell/ ␤ cell ratios as their littermates. In addition to islet hypoplasia, the insulin response to glucose was severely impaired in dnActR transgenic mice. It is suggested that a precisely regulated intensity of activin signaling is necessary for the normal development of islets at the stage before differentiation into ␣ and ␤ cells, and that activin plays a role in the postnatal functional maturation of islet ␤ cells. ( J. Clin. Invest. 1998. 102:294-301.)
Introduction
Activin is a member of the TGF-␤ superfamily and has diverse actions in a variety of mammalian tissues at many stages during development. Activin stimulates follicle-stimulating hormone secretion in the pituitary gland (1), performs autocrine or paracrine actions in male and female gonads (2) , acts in erythroid differentiation (3) , promotes neuron survival (4) , and induces mesoderm in amphibian development (5, 6) . It was reported recently that activin is expressed in rat islets (7, 8) and rat pancreatic anlage (9) on embryonic day 12 (E12), 1 and it stimulates insulin secretion (8) even in the absence of glucose (10) by inhibiting the activity of ATP-sensitive K ϩ channels and modulating voltage-dependent Ca 2 ϩ channels (11). Furthermore, it was reported that betacellulin and activin A coordinately converted the cells of an amylase-secreting pancreatic exocrine rat cell line, AR42J, into insulin-producing cells (12) , and activin profoundly altered epithelial branching morphogenesis of embryonic mouse pancreas rudiments in culture (13) . In consideration of these reports, we generated transgenic mice with impaired signal transduction of activin in pancreatic endocrine cells to examine whether activin plays a role in the fetal and postnatal development of islets.
For transmembrane signaling, activin requires two types of receptors containing the serine/threonine kinase domain, activin receptor type I (ActR I) and type II (ActR II), as well as the signaling pathways of other members of the TGF-␤ superfamily. Activin binds directly to ActR II and this complex associates with ActR I, resulting in hyperphosphorylation of ActR I by the kinase activity of ActR II (14) . Activated serine/ threonine kinase of ActR I phosphorylates Smad proteins, especially Smad2, which are considered to be transcriptional activators of the target genes of activin (15). Truncated ActR II excluding a serine/threonine kinase domain functions as a dominant negative receptor, and blocks activin signaling (16) . In contrast, ActR I with the substitution of Thr-206 for Asp (T206D) is constitutively active and can transduce signals independent of ActR II and a ligand (14) . In this study, a dominant negative form of ActR II (dn-ActR) or a constitutively active form of ActR I (ActR-T206D) was expressed under the regulation of insulin promoter in islets of transgenic mice. the fluorescent automated DNA sequencer (ABI 377; Perkin-Elmer, Division of Applied Biosystems, Foster City, CA). Mouse ActR-T206D cDNA was a kind gift from Dr. Huylebroeck (Laboratory of Molecular Biology, University of Leuven, Leuven, Belgium). These two mutants and intact ActR IIB cDNA were cloned into the EcoRI site downstream of the human insulin promoter in the vector containing the exon-intron organization and the polyadenylation signal of rabbit ␤ -globin gene, respectively (Fig. 1) . Transgenic mice expressing an intact form of ActR II were generated as a negative control to rule out the possibility that the overexpression of ActR by itself impairs the development and functions of islets irrespective of activin signaling. An SphI-XhoI fragment of each transgene was purified by agarose gel electrophoresis and the glass powder method with the Gene Clean II Kit (Bio 101 Inc., Vista, CA) and resuspended in 10 mM Tris-Cl (pH 7.4) and 0.1 mM EDTA at the concentration of 500 copies/pl for microinjection.
Generation of transgenic mice. The transgene was microinjected into the male pronuclei of fertilized eggs obtained from superovulated BDF 1 (C57BL/6 ϫ DBA2) female mice crossed with male BDF 1 . Injected embryos were implanted in the oviducts of pseudopregnant female mice and allowed to develop (17) . DNA was extracted from tail snips of live offspring or from heads of E19.5 embryos by the proteinase K/SDS method (18) . The integration of the transgene into the mouse genome was detected by PCR between a sense primer in exon 1 of the human insulin promoter (5 Ј -GCATCA-GAAGAGGCCATCAA-3 Ј ) and an antisense primer in exon 2 of the rabbit ␤ -globin gene (5 Ј -ACTCACCPCCTGAAGTTCTCAG-3 Ј ) and Southern blot analysis. An EcoRI fragment of each transgene, i.e., normal or mutated ActR cDNA, was used as a probe. The copy numbers of integrated transgenes were determined from the intensity of each radioactive band in Southern blot analysis compared with indicator bands of 1, 10, and 100 copies of the transgene, or the band for the intrinsic ActR gene. 10-40-wk-old mice were used as adult mice in this study.
Expression of intrinsic ActR and transgenes in islets.
Islets were obtained from mouse pancreata by the collagenase method (19) . Total RNA of islets or cultured cells was extracted with ISOGEN (Nippon Gene, Tokyo, Japan) and reverse transcribed to cDNA with the avian myeloblastosis virus reverse transcriptase (RT) first-strand cDNA synthesis kit (Life Sciences, Inc., St. Petersburg, FL) according to the manufacturer's protocol. Because the expression of ActR I and II in normal mouse islets has not been reported, its presence was ascertained first. ActR I cDNA (sense primer: 5 Ј -CTTGTCTCTGAC-TATCACGAGCA-3 Ј , and antisense primer: 5 Ј -ATATGCAGG-TGTGCCAAACCACT-3 Ј ) and ActR II cDNA (sense primer: 5 Ј -TTTGGCTGCGTTTGGAAGGCTCA-3 Ј , and antisense primer: 5 Ј -TTCTCGGCAGCAATGAACTGCAA-3 Ј ) were amplified by PCR using the primer pairs shown in parentheses in the samples from normal BDF 1 mice and two cell lines of MIN 6 and ␣ TC, which are derived from mouse pancreatic islet ␤ and ␣ cells, respectively. PDX-1 (pancreatic and duodenal homeobox gene-1, which was previously referred to as insulin promoter factor-1) cDNA (sense primer: 5 Ј -CGG-ACATCTCCCCATACGAAGTG-3 Ј , and antisense primer: 5 Ј -CGC-ACAATCTTGCTCCGGCTCTT-3 Ј ) was also amplified as a positive control. To detect the expression of transgene in transgenic mice, cDNA of the transgene was amplified by PCR between a sense primer (5 Ј -ATCACTGTCCTTCTGCACCTGTCA-3 Ј ) in exon 2 of the human insulin promoter and an antisense primer (5 Ј -TGAGACAGCA-CAACAACCAGCA-3 Ј ) in exon 3 of the rabbit ␤ -globin gene encompassing its intron 2 (Fig. 1) . PCR products were cloned into a pCR II vector (Invitrogen Corp., San Diego, CA) and their identities were confirmed by DNA sequencing.
Histopathological examinations. Fetal mouse bodies and the pancreata of adult mice were fixed with 20% formalin in PBS, embedded in paraffin, sectioned, and stained with hematoxylin and eosin, aldehyde fuchsin for ␤ cells, and Grimelius' stain for ␣ cells. For immunohistochemistry, a guinea pig polyclonal antibody against porcine insulin or glucagon (DAKO JAPAN Co., Ltd., Kyoto, Japan) was used. In a quantitative analysis of islet cell area, the sections of paraffinembedded fetal bodies were immunohistochemically stained at 250-m intervals from diaphragm to ileum, and all slices where pancreas tissue was observed were photographed. The areas of ␣ and ␤ cells and of the whole pancreas were determined by tracing the photograph onto graph paper ruled into 1-mm squares, and the area of the whole islets was determined as the sum of both ␣ and ␤ cell areas.
Insulin content in the whole pancreas. Each pancreas removed from an adult mouse was homogenized in 4 ml of ice-cold acid-ethanol solution (20) , and insulin was extracted at 4 Њ C overnight. After centrifugation at 2,000 g at 4 Њ C for 30 min, the supernatant was neutralized and diluted with PBS. Insulin concentrations in the 1,000-or 10,000-fold diluted samples were assayed by an ELISA kit for insulin with a mouse insulin standard (Seikagaku Kogyo, Tokyo, Japan).
Glucose tolerance test. After overnight fasting, 1 mg/g body wt of glucose in physiological saline was intraperitoneally injected. At 0, 30, 60, and 120 min after the injection, blood glucose concentrations were determined by the glucose oxidase method with a Diasensor (Kyoto Daiichi Kagaku, Kyoto, Japan). Plasma insulin concentrations were also assayed by the above-mentioned ELISA kit at 0 and 30 min. The insulinogenic index was defined as the ratio of the difference between plasma insulin concentrations (pM) at 0 and 30 min to the difference between blood glucose concentrations (mM) at 0 and 30 min.
Statistical analysis. All data were presented as means Ϯ SE. For comparison of two means, Student's unpaired t test was used. For comparison of two ratios ( Q 1 , Q 2 ), a normal distribution curve with a mean of Q 1 Ϫ Q 2 and a variance of Q 1 (1 Ϫ Q 1 )/ n 1 ϩ Q 2 (1 Ϫ Q 2 )/ n 2 was used. P Ͻ 0.05 was considered statistically significant.
Results
Generation of transgenic mice. To evaluate the influence of transgenes on the survival rate after birth, the generation rate of transgenic mice was examined in E19.5 mouse embryos and 15-wk-old mice that developed from the fertilized eggs microinjected with each transgene. In transgenic mice with intact ActR, the survival rate of 15-wk-old mice was similar to that of E19.5 embryos (3/32 vs. 2/26, i.e., 8 vs. 9%), whereas the sur- Figure 1 . Three transgene constructs used in this study. To detect transgene-derived mRNA, two primers encompassing the ␤-globin intron 2 including a sense primer in exon 2 of the human insulin promoter (left horizontal arrow) and an antisense primer in exon 3 of the rabbit ␤-globin gene (right horizontal arrow) were synthesized for RT-PCR. Although the length of the transgene sequence between these two primers is ‫ف‬ 0.6 kbp, the size of the RT-PCR product becomes 86 bp because the ␤-globin intron 2 is spliced out.
vival rate of 15-wk-old mice was significantly lower than that of E19.5 embryos in transgenic mice with dn-ActR (2/30 vs. 6/18, i.e., 7 vs. 33%) and with ActR-T206D (3/32 vs. 11/55, i.e., 9 vs. 20%). The decreased survival rate after birth as a result of the disturbed activin signaling in pancreatic ␤ cells is probably related, at least in part, with insufficient insulin secretion. The surviving adult transgenic mice, two lines with intact ActR, two lines with dn-ActR, and four lines with ActR-T206D, were established as founders and crossed with normal BDF 1 to obtain F 1 mice (F 1 ). In 15-wk-old F 1 of transgenic mice with intact ActR-Tg, the survival rate was 50% (19/38), thus compatible with Mendel's law, while the survival rates of 15-wk-old F 1 with dn-ActR and ActR-T206D were 34% (25/73) and 31% (28/91), thus significantly lower than that for F 1 transgenic mice with intact ActR. Thus, the dn-ActR and ActR-T206D transgenes were shown to exhibit adverse effects on survival rates even in F 1 of the surviving adult founders.
Expression of intrinsic ActR and transgenes in islets.
By RT-PCR with total RNA from islets of BDF 1 , the expression of intrinsic ActR I and II in islets was ascertained by clear bands of PCR products (data not shown). To further examine the expression of ActR in ␣ and ␤ cells, mouse ␣ and ␤ cell lines of ␣ TC and MIN6 were used, respectively. In both cell lines, PCR products from ActR I and II cDNA were clearly amplified (data not shown). The expression of PDX-1, as a control, was detected in mouse islets and MIN6, but not in ␣ TC (data not shown), while no PCR products were amplified in the samples without RT or a template.
In all lines of transgenic mice with intact ActR, dn-ActR, and ActR-T206D, the expression of each transgene in islets was detected by RT-PCR (Fig. 2) , and the amount of PCR products positively correlated with the copy numbers of transgenes with a correlation coefficient of 0.6 ( n ϭ 8).
Histopathological examinations. Because transgenic mice with severe islet lesions perish before maturing, E19.5 embryos of transgenic mice were mainly used for the histopathological examination of islets. 3 transgenic embryos with intact ActR, 6 with dn-ActR, and 11 with ActR-T206D were obtained from the fertilized eggs microinjected with the respective transgenes. Islets developed normally in transgenic embryos with intact ActR (Fig. 3 B ) , whereas they developed poorly in dnActR and ActR-T206D transgenic embryos (Fig. 3, C and D ) .
Immunohistochemistry of the pancreas in E19.5 embryos against insulin (Fig. 4) and glucagon (data not shown) revealed a decrease in the number of ␤ and ␣ cells in dn-ActR and ActR-T206D transgenic mice in parallel with islet hypoplasia. The relative areas of the islets to the whole pancreas in E19.5 transgenic embryos of dn-ActR and ActR-T206D were significantly lower than those in their littermates (Fig. 5) . However, the relative areas of ␣ cells to ␤ cells in E19.5 embryos are similar in all transgenic mice and littermates and are as follows: 30Ϯ4% in littermates (n ϭ 6), 29Ϯ4% in transgenic mice with intact ActR (n ϭ 3), 30Ϯ8% in dn-ActR transgenic mice (n ϭ 6), and 28Ϯ5% in ActR-T206D transgenic mice (n ϭ 7).
In dn-ActR transgenic mice, the relative area of islets to the whole pancreas negatively correlated with the copy number of dn-ActR transgene with a high correlation coefficient of 0.9 (data not shown), i.e., dn-ActR transgenic mice with higher copy numbers of the transgene had more hypoplastic islets than those with lower copy numbers. As expected, the copy numbers of the two surviving founders (4 and 4) were smaller than the average of those of transgenic embryos at E19.5 (8.0Ϯ1.2). In spite of the low copy numbers, the two surviving founders also showed islet hypoplasia (Fig. 6) . Unlike in dnActR transgenic mice, no relationship between the copy number of the transgene and the extent of islet hypoplasia was found in ActR-T206D transgenic mice.
Insulin content in the whole pancreas. Insulin contents (g/ pancreas) were as follows: 13.8Ϯ1.6 (n ϭ 10, littermates), 14.0Ϯ0.7 (n ϭ 10, transgenic mice with intact ActR), 6.2Ϯ0.7 (n ϭ 10, dn-ActR), and 10.1Ϯ1.0 (n ϭ 9, ActR-T206D). Transgenic mice with dn-ActR and ActR-T206D had significantly smaller amounts of insulin in their pancreas than their littermates and transgenic mice with intact ActR. The histogram (data not shown) of these four values was very similar to that in Fig. 5 . The islet size and insulin content in dn-ActR transgenic mice seemed to be smaller than those in ActR-T206D transgenic mice, although there was no statistically significant difference between these two types expressing ActR mutants.
Glucose tolerance test. Transgenic mice with intact ActR showed normal glucose tolerance. Because islet hypoplasia in adult dn-ActR and adult ActR-T206D transgenic mice was relatively mild compared with the lesions observed in E19.5 transgenic embryos, fasting blood glucose levels in all transgenic mice and littermates were within the normal range (Ͻ 5.5 mM). However, dn-ActR and ActR-T206D transgenic mice had significantly higher glycemia both before and after intraperitoneal glucose injection than their littermates (Fig. 7) .
To evaluate insulin secretion in transgenic mice, the increase in plasma insulin concentration was determined 30 min after glucose loading (Fig. 8) . The responses of serum insulin to glucose administration in intact ActR transgenic mice and littermates were comparable. In ActR-T206D transgenic mice, the increase in serum insulin concentration was smaller than that in the littermates, but the rates of insulin concentration in- creases were comparable, i.e., 4.5-fold for ActR-T206D transgenic mice and 4.6-fold for the littermates. In contrast, serum insulin concentration in dn-ActR transgenic mice increased poorly in response to glucose by only a factor of 1.5. Because of the small increase in serum insulin, the insulinogenic index (⌬IRI30min/⌬BG30min) in dn-ActR transgenic mice showed a much lower value (9Ϯ5, n ϭ 10) than in the littermates (92Ϯ18, n ϭ 20) or in transgenic mice with intact ActR (94Ϯ14, n ϭ 10) or ActR-T206D (57Ϯ11, n ϭ 10).
Discussion
Generation of transgenic mice. From the generation rates in E19.5 transgenic embryos and 15-wk-old transgenic mice, which developed from fertilized eggs microinjected with the respective transgenes, and in F 1 mice of the founders, it was demonstrated that the expression of ActR mutants in pancreatic ␤ cells results in a decrease in the survival rate of transgenic mice. Although murine pups with complete insulin deficiency were reported to die within a few days after birth (21, 22) , our transgenic mice expressing ActR mutants seemed to survive longer. In fact, several founders with ActR mutants died in young adulthood before the age of 15 wk.
Expression of intrinsic ActR and transgenes in islets.
Although activin has been reported to be expressed in islets (7, 8) and pancreatic anlage (9), the expression of ActR I and II in islets was not known at the beginning of this study. ActR I was expressed together with ActR II both in ␣TC and MIN6, in addition to islets. These results suggest that ActR I and II are expressed in both ␣ and ␤ cells of mouse islets in vivo. The expression of PDX-1 in MIN6, but not in ␣TC, showed that these two culture cell lines retain, at least in part, their original characteristics.
The expression of transgene was detected in all lines of transgenic mice by RT-PCR (Fig. 2) . The copy number of transgenes integrated into the mouse genome examined by Southern blot analysis correlated with the amount of PCR product, which suggests that the copy number of the transgene is an indicator of the expression level. In general, the expression level of the transgene depends on the position in the genome, where the transgene was integrated, through the heterochromatin effect. However, if a locus control region, which is responsible for initiating and maintaining a stable and tissuespecific open chromatin structure of a locus, is included in a transgene, the level of transgene expression becomes independent of position in the genome in proportion to its copy number (23, 24) . Because the insulin promoter is known to be one of the most powerful tissue-specific promoters when it is used for transgenic mice, and because the transgenes were expressed under the insulin promoter in a copy number-dependent manner in this study, a local control region may be included in the human insulin promoter up to 1.9 kb upstream of the start codon, ATG (Fig. 1) .
Histopathological examinations and insulin content. Islet hypoplasia was observed both in dn-ActR and ActR-T206D transgenic mice (Figs. 3 and 4) . This indicates that activin or activin-like signaling at an appropriate intensity is necessary for the development of normal islets. In contrast to transgenic mice expressing the mutated ActR, islets developed normally in intact ActR transgenic mice, which suggests that the number of ActR copies is not a limiting factor for activin signaling in islets. It is well-known that activin can induce embryonic Xenopus cells to develop into several different cell types in a concentration-dependent manner (25) (26) (27) . Similarly, our data suggest that the intensity of activin or activin-like signaling is an important factor for normal development of islets.
Although both dn-ActR and ActR-T206D transgenic mice showed hypoplastic islets, dn-ActR transgenic mice seemed to have more severe lesions than those with ActR-T206D, according to the data for the relative area of islets (Fig. 5 ) and insulin content in the whole pancreas in both types of transgenic mice. Moreover, the copy number of the transgene correlated with islet hypoplasia only in dn-ActR, but not in ActR-T206D transgenic mice. These results imply that activin signaling is disturbed even by a modest overexpression of constitutively active ActR-T206D, and that the extent of disturbance easily reaches the plateau level. In contrast, as the amount of dnActR in islets increases, the activin signaling may be blocked to a proportionally greater extent, resulting in gene dosedependent hypoplastic islets in dn-ActR transgenic mice.
In spite of the use of the insulin promoter, the development of ␣ and ␤ cells was simultaneously impaired in dn-ActR and ActR-T206D transgenic mice, and the ratio of ␣ cells to ␤ cells Figure 5 . Relative area of islets to the whole pancreas. (1) Littermates (n ϭ 6); (2) transgenic mice with intact ActR (n ϭ 3); (3) dn-ActR transgenic mice (n ϭ 6); and (4) ActR-T206D transgenic mice (n ϭ 7).*P Ͻ 0.05 and **P Ͻ 0.01. in both types was similar to the values in littermates and transgenic mice with intact ActR. It is unlikely that the dn-ActR or ActR-T206D was expressed in ␣ cells of these transgenic mice to the extent of disturbing ␣ cell development, because 1.9 kb of the human insulin promoter used in this study is sufficient for ␤ cell-specific expression in transgenic mice (28) . It is also unlikely that interactions between ␣ and ␤ cells are necessary for the normal ␣ cell development, because ␣ cells normally developed and aggregated into islet-like clusters devoid of ␤ cells in transgenic mice expressing dominant negative mutant of mouse cadherin in ␤ cells (29) . Although the pancreatic islet cell lineage is not fully understood (30, 31) , coexpression of insulin and glucagon has been observed in the early endocrine cells (32) . If insulin/glucagon coexpressing cells are the common precursor cells of ␣ and ␤ cells, the growth, differentiation, or survival of these precursor cells may be impaired in dnActR and ActR-T206D transgenic mice. The appearance of the insulin/glucagon coexpressing cells may indicate that promoter function does not become fully restricted to one islet cell type until islets have matured. dn-ActR and ActR-T206D may affect endocrine precursor cells by decreasing the rate of replication or by increasing the rate of apoptosis. Thus, activin or activin-like signaling may play an important role at the early stage of islet cell development before differentiation into ␣ and ␤ cells.
Glucose tolerance test. Both dn-ActR and ActR-T206D transgenic mice showed impaired glucose tolerance compared with transgenic mice with intact ActR and littermates (Fig. 7) . In ActR-T206D animals, the function of islet ␤ cells was considered almost normal because the response of insulin secretion to glucose injection was comparable to that in the littermates (a 4.5-fold vs. a 4.6-fold increase, Fig. 8 ). Therefore, impaired glucose tolerance in ActR-T206D transgenic mice is probably caused by the decrease in islet mass. Because islet ␤ cells in these mice responded to glucose to a degree compatible with those of intact ActR transgenic mice and littermates, the maturation of ␤ cells seemed to occur so long as activin signaling was not blocked, although an appropriate intensity of activin signaling was necessary for attaining normal islet sizes.
However, in dn-ActR transgenic mice the extremely low response of insulin secretion to glucose (a 1.5-fold increase) cannot be explained only by islet hypoplasia, and suggests rather that decreased activin signaling leads to the dysfunction of ␤ cells. The defect of ␤ cells in dn-ActR transgenic mice seems to be either in sensing the elevation of blood glucose or in the maximal insulin secretion. The glucose sensitivity of ␤ cells has been reported to be acquired after birth, and the response to glucose matures after weaning (33, 34) . Unlike in adult ␤ cells, insulin secretion is not stimulated by glucose in fetal ␤ cells, although fetal ␤ cells respond to other insulin secretagogues. Activin signaling may be needed for this postnatal maturation of ␤ cells. In fact, it was reported that activin at a concentration of 1 nM greatly enhances the insulin response of rat islets to glucose (8, 35) and stimulates a signifi- cant release of insulin even in glucose-free medium (10) by elevating the cytoplasmic free Ca 2ϩ concentration (11, 36) . Redundancy of the TGF-␤ superfamily. Although islet hypoplasia was observed both in dn-ActR and ActR-T206D transgenic mice, activin itself may be dispensable for the normal development of islets. dn-ActR blocks the signaling not only of activin, but also, to a variable degree, of several other members of the TGF-␤ superfamily, including bone morphogenetic protein (BMP)-2 (37), BMP-4 (37, 38), BMP-7 (osteogenic protein-1) (39), and Vg-1 (40) . ActR I can be associated with BMP receptor II (41) which binds BMP-2, BMP-4, and BMP-7, and ActR II can also be associated with BMP receptor I (39) . In regard to the ligand-receptor interaction and the association between receptors I and II, much redundancy is observed between ActR and BMP receptors. On the other hand, the activin-induced phosphorylation pattern of Smad, the signal transduction molecule of the TGF-␤ superfamily, is very similar to that by TGF-␤. Both activin and TGF-␤ induce phosphorylation of Smad2 (42) and Smad3 (43) . In the case where mRNA encoding TGF-␤ receptors is introduced into Xenopus embryos, TGF-␤, like activin, can induce mesoderm (44) , although TGF-␤ has no effect on wild Xenopus embryos. Indeed, TGF-␤ promotes the development of endocrine cells and inhibits the development of acinar tissue in three-dimensional gel culture of mouse pancreatic rudiments (45) , and the expression of a dominant-negative mutant TGF-␤ receptor in transgenic mice by a metallothionein promoter revealed that TGF-␤ negatively controls the growth of acinar cells and is essential for the maintenance of a differentiated acinar phenotype (46), although the development of the pancreas is normal in TGF-␤-deficient mice (47) .
Recently, Pax-6 was shown to be essential for the differentiation of islet ␣ cells in the pancreas using Pax-6 null mice (48), and activin was reported to inhibit Pax-6 expression in the developing spinal cord and to control the differentiation of neurons (49) . It is not clear whether activin plays a role in the differentiation of islet cells through the regulation of Pax-6 expression. Because insulin promoter was used for the expression of transgenes in this study, it is impossible in our transgenic mice to elucidate the action of activin on the undifferentiated endocrine cells before insulin promoter begins to work at E9.5 (30, 31) . This could be circumvented by using PDX-1 promoter (21) or ISL-1 promoter (50), because these promoters start to function from E8.5 (31) in pancreatic buds and E9.0 (50) in all islet cells, respectively. A study of transgenic mice expressing ActR mutants driven by PDX-1 promoter is underway in our laboratory.
In conclusion, islet hypoplasia with a decrease in the number of both ␣ and ␤ cells, which is observed in transgenic mice expressing ActR mutants, suggests that activin or activin-like signaling plays an important role in the development of islets in the early stage of islet development before differentiation into ␣ and ␤ cells. Based on the impaired insulin response to glucose observed in dn-ActR transgenic mice, it is also concluded that activin plays a role in the postnatal functional maturation of islet ␤ cells.
